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c) Other QCD sources of T violation
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a) Pions only

b) Pions + nucleons

3. T violation from quark EDM and chromo-EDM

4. Conclusions/Outlook
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QCD θ̄ term and Chiral Symmetry

QCD Lagrangian (two quark flavors)

LQCD = q̄i /Dq + . . . +
θ̄gs

32π2
εµνρσTr

(

GµνGρσ
)

Perform chiral rotation on q, then θ̄ term becomes

L/T,θ̄ = θ̄q̄(m∗ + m̃τ3)iγ5q

m∗ =
mumd

mu + md
, m̃ = f(mu, md)
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Problem: τ3 part generates terms in low energy EFT that

cause vacuum instability

One solution: impose vacuum stability at quark
level ⇒ No τ3 term Baluni, 1979

Alternate approach: At hadronic level, use field
redefinitions to eliminate WH, van Kolck,
spurious terms in progress
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Obtain low energy EFT using chiral symmetry

SUL(2) × SUR(2) ∼ SO(4)

• q̄iγ5q is 4th component of SO(4) vector

P = (q̄τq, q̄iγ5q)

• q̄iγ5τ3q is 3rd component of SO(4) vector

S = (q̄iγ5τq, q̄q)
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Other sources of T violation

quark chromo-EDM:
i

2
q̄
(

d̆s + d̆vτ3

)

γ5σµνGµνq

quark EDM:
i

2
q̄
(

ds + dvτ3

)

γ5σµνFµνq

and Weinberg operator, 4-quark interactions. . .

Question: What is most general T-violating effective chiral

Lagrangian given various quark-level sources?
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T violation from θ̄ term (pions only)

L
(0)
TC,π =

1

2
Dµπ · Dµ

π + S4[π, 0]

Dµ = D−1∂µ, D = 1 + π
2/4f2

π ,

S4[π, 0] = 2m2
πf2

π(1 − π
2/4f2

π)/D

L/T,π = S3[π, 0]
(

1 + α1(Dµπ)2 + α2S4[π, 0] + . . .
)

S3[π, 0] = h̄0π3/D, h̄0 = O(θ̄m̃M3
QCD/fπ),

αi = O(1/f2
πM2

QCD)
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L/T,π can be eliminated by redefining π:

πi → πi + D
(

σ(2)πi +

∞
∑

a=0

δ(2a)πi

)

δ(2a)πi =
D

4f2
πm2

π

[

DµπiD
µ
π · δ(2a−2)

π − (Dµπ)2δ(2a−2)πi

+
D

2(D − 1)
πiDµπ · Dµδ(2a−2)

π

]

δ(0)πi = h̄0δi3/(2m
2
π), σ(2)πi = δ(0)πi{α1(Dµπ)2 + α2S4[π, 0]}
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T violation from θ̄ term (pions+nucleons)

Leading order:

L
(0)
TC,πN = L

(0)
TC,π + N̄iv · DN −

gA

fπ
N̄Sµτ · Dµ

πN + . . .

Dµ = ∂µ + iτ · (π × Dµπ)/4f2
π for nucleon

L
(1)
/T,πN = −

ḡ0

D
N̄τ · πN +

ḡ1

D
π3N̄N

ḡ0 = O(m∗θ̄/fπ), ḡ1 = O(m̃θ̄/fπ)

ḡ0 term generated by isoscalar θ̄ term – gives nucleon EDM contribution
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ḡ1 term (∼ S3[π, 0]S4[0, N ]) along with terms induced on L
(0)
TC,πN by

δ(0)πi can be eliminated:

πi → πi + . . . +
Dḡ1

2m2
π

δi3N̄N + DN̄ε(1)πiN

ε(1)πi =
λD

16f4
πm2

π

[

εjk3vµτj

(

πkDµπi −
D

2(D − 1)
πiD

µπk

)

− 4gAfπDµπiS
µτ3

]

And so on. . . Field redefinition is perturbative, i.e. each term contributes

extra power of ∼ mπ/MQCD
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T violation from quark EDM & chromo-EDM

Under chiral symmetry:

quark chromo-EDM term same as θ̄ term

quark EDM term has four separate pieces

∼ S3 , ∼ P4 , ∼ S3F34 , ∼ P4F34

F34 = 34-comp. of antisymmetric rank 2 SO(4) tensor
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Quark chromo-EDM gives same terms in low-energy EFT as θ̄ term

Quark EDM gives all previous terms plus new terms, including

ḡ2π3N̄τ3N

Can ḡ2 term be eliminated? If so, this has consequences for

neutron and deuteron EDMs:

Then one-nucleon physics is identical for above sources

⇒ Look to two-nucleon systems, i.e. deuteron to distinguish
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Application: nucleon electric dipole form factor

From θ̄ term in LO: WH & van Kolck, 2005

Form factor from T-viol. EM current:

Jµ
ed

(q) = 2
“

F
(0)
D

(−q2) + F
(1)
D

(−q2)τ3
”

× (Sµv · q − S · qvµ)

Form factor contributions:

F
(0)
D

(Q2) = d0

F
(1)
D

(Q2) = d1 −

egAḡ0

12π2fπ

F

„

Q2

(2mπ)2
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F (x) =
3

2

r

1 +
1

x
ln

 

p

1 + 1/x + 1
p

1 + 1/x − 1

!

− 3

The T-violating Effective Chiral Lagrangian – p.13/14



Conclusions/Outlook

• The T-violating effective chiral Lagrangian consists of all terms

consistent with the chiral symmetry properties of the quark-level

sources of T violation

• Field redefinitions provide a method of avoiding inclusion of terms

in low-energy EFT which cause vacuum instability

• T-violating effective chiral Lagrangian allows accurate calculation

of electric dipole moment/form factor of nucleon (c.f. WH, U. van

Kolck, PLB 605, 273 (2005) and WH, C.M. Maekawa, U. van Kolck,

in progress) and deuteron
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